We propose and demonstrate a novel spatial-division multiplexed Mach-Zehnder interferometer (MZI) structure in heterogeneous multicore fiber (MCF) for simultaneous measurement of temperature and strain. The MZI structure is constituted of dual-tapered regions along heterogeneous MCF by using electrical arc discharge. Different spatial channels (cores) in heterogeneous MCF have dissimilar responses to the outer environment. With our in-house developed low-loss fan-in/fan-out devices, we experimentally achieved the temperature sensitivity of 47.37 pm/°C for the central core and 53.20 pm/°C for the outer core and strain sensitivity of 1.10 pm=" for the central core and 0.84 pm=" for the outer core. Using the temperature-strain joint matrix, the cross sensitivity is eliminated, and the relative measurement error is less than 5%. The spatial-division multiplexed interferometric sensors embedded in the telecommunication-grade MCF show great potential for multiparameter sensing.
Introduction
Along with the information explosion in modern society, space-division multiplexing (SDM) in optical communication is promising and is attracting much research attention [1] . As one kind of SDM implementation, the multicore fiber (MCF) has been widely investigated in transmission experiments to improve the transmission capacity [2] - [4] . On the other hand, optical fiber sensors based on various structures of MCF have been proposed in recent years [5] - [9] . For example, Zhao et al. [5] have reported a scheme of core-offset splicing a section of MCF for temperature sensing with high sensitivity. Delgado et al. [8] have proposed a kind of device consisting of a few-millimeter-long piece of strong-coupled 7-core fiber spliced between two SMFs for curvature sensing with low loss. However, all aforementioned MCF based sensors only employed the MCF as a single channel waveguide. The inherent spatial-division multiplexing property in MCF is ignored. It is anticipated that parallel lightwave paths simultaneously existed in MCF could be used for multi-parameter sensing applications provided with low loss fan-in/ fan-out devices and different channel responses.
It is well known that the in-line Mach-Zehnder Interferometer (MZI) fabricated in various fibers has been applied to measure many kinds of physical parameters considering simple fabrication process and sensitive response [5] , [10] - [13] , but the issue of cross-sensitivity hinders its application to measure multi-parameter with discrimination simultaneously. As brought from the successful demonstration of optical fiber communications, functional optical devices such as MZI in multicore fiber may provide versatile sensing capabilities with the help of SDM infrastructures.
In this paper, a novel parallel in-line MZI system has been designed and achieved in the 7-core MCF with advanced fiber tapering process. With the spatial fan-in/fan-out (Mux/De-Mux) devices, we propose to utilize the parallel in-line MZI system in MCF to achieve multi-parameter sensing since different spatial channels (cores) in heterogeneous MCF have dissimilar responses to the outer environment. The cross sensitivities of multiple physical parameters on the MZI structures can be distinguished effectively. As an example, temperature and strain sensing with the MZI is demonstrated based on the MCF and fan-in/fan-out SDM devices. Dualparameter correlation effect on the MZI responses can be discriminated and the corresponding relative measurement errors are all less than 5%. Compared to techniques utilizing LPG [14] , FBG [15] , and PCF [16] for multi-parameter sensing in the frequency domain, the SDM technique employs the additional spatial dimension for sensing, which is compatible to the frequencydomain multi-parameter sensing techniques. The SDM technique has potentials to improve the sensing performance by paralleled processing with different spatial channels' responses.
Fabrication and Analysis of MZI
The cross section of the MCF used in this work is shown in Fig. 1(a) , and its refractive index profile is illustrated in Fig. 1(b) . The cladding diameter is 125 m, and the core pitch is 42 m.
The center core is designed with G.652 index profile and shallow trench, the identical six outer cores are designed with G657.B3 profile and deep trench. The trench and large core pitch can isolate the spatial interference between the adjacent cores. The refractive index of cladding, central core, and outer core is 1.4560, 1.4626, and 1.4636, respectively. The refractive index of trench of central core and outer core is 1.4551 and 1.4506, respectively. the arc discharge technique [17] , which conducted by the commercial fiber fusion splicer (Fujukura FSM-100P+) with programmable control. Before tapering, the V -grooves and translation stages are aligned to ensure an evenly applied force. With the coating layer stripped, a section of 7-core MCF is fixed into the fusion splicer by two clamps to prevent relative displacement during tapering. Then, by the computer program controlling, the splicer will preheat MCF by electric arc discharging, meanwhile pull the MCF from one side of the heat zone and feed from the opposite side with different feeding and pulling speed when MCF is being heated. After the first taper finished, we use the fiber fusion splicer to taper at another position to complete MZI structure fabrication. Owing to the programmable splicer's arc discharge technique, the fabrication is simple and reproducible, the wind protector of the splicer provides a stable environment during the processing, and the translation stages precision of 0.01 m has been achieved.
After fabrication of the MZI structure, in order to measure the transmission spectrum in each spatial channels (cores), we spliced each side of MCF with the spatial fan-in/fan-out (Mux/ De-Mux) devices as shown in Fig. 3 . The fan-in/fan-out devices are featured with chemical etching process and fiber bundle technique [3] . The insertion loss of each channel of the spatial fan-in/fan-out devices is about 2.0 dB. The MCF pigtails of the two fan-in/fan-out devices are about 1.0-2.0 m, respectively. We used the FSM-100P+ to fusion splice the MZI with the spatial fan-in/fan-out devices with average splicing loss about 0.5 dB for each core. Broadband source (BBS) is injected into the central core from one side of MCF, and the transmission spectrum of each core is monitored on the other side using optical spectrum analyzer (OSA, YOKOGAWA AQ6370C).
Different taper geometry will change the insertion loss and the extinction ratio of the transmission interference spectrum. Thus, we carefully designed the taper geometry to optimize the extinction ratio of the spectrum and reduce the insertion loss. Fig. 4 shows the transmission spectrum of optimized MZI in seven cores with the distance L of 8.0 cm, the transition section length L t is set to 2.4 mm, the waist diameter D t is set to 42.0 m, and the waist length L w is set to zero. For the splicer's arc parameters, the absolute arc power is set to 302 bit, and the relative arc power is set to −270 bit for the pre-heating 0.5 s and −142 bit for tapering. The feeding speed of the right motor is set to 0.01 m/ms, while the left motor is auto pulling controlled by the Fujikura taper program. By this configuration, we can observe the periodic oscillation of the transmission spectrum in central core and outside core with 20 dB maximum extinction ratio. The optical power out of six outer cores is lower than that of the central core about 7 dB since the six outer cores share the optical power coupled from the central core at the first tapered region. The transmission spectrum of central core consists of a typical two-mode interference, while the outer cores have more complex modulation envelopes result from the deep trenches induced multimode interferences.
In order to analyze the mode interferences, we fabricated several in-line MZI samples with different L. Fig. 5(a) depicts the transmission spectrum with different FSRs in the central core at the distance L of 5.2 cm, 12.9 cm, and 54.5 cm with other parameters invariant. The FSR decreases with the growth of distance L, which can be approximated as [4] , [12] Á FSR % 2 =ðÁn eff LÞ
where is the center wavelength of the spectrum, Án eff is the effective refractive index difference between two modes involved in the interference, and L represents the distance of two tapered regions. In order to get the spatial frequency spectrum, we calculate the Fourier transform [13] of different transmission spectrum in Fig. 5(b) , in which the spatial frequencies are represented as 0.1001 nm −1 , 0.2334 nm −1 , and 1.001 nm −1 , with distance L 5.2 cm, 12.9 cm, and 54.5 cm, respectively. With the center wavelength of 1540 nm, the Án eff is obtained as 0.004 by (1) .
Using fundamental parameters and refractive index profile of the MCF illustrated in Fig. 1(b) , we calculated the effective refractive index (ERI) of LP01 core-mode, the low order claddingmode (LCM) of central core, and the ERI of outer core mode using finite element method with COMSOL 5.0, as shown in Table 1 . The ERI of LP01 core-mode of central core is 1.4597, the ERI of LP01 core-mode of outer core is 1.4603, the ERI of the LCM of central core is 1.4560, and the ERI of LCM of outer core is 1.4559 at the wavelength 1540 nm. Therefore, we get that the Án eff of LP01 mode between central core and outer core is 0.0006 and that the Án eff between LP01 mode and the LCM of central core is 0.0037, which means the dominated interference happened in the MCF in-line MZI structure is core-cladding interference, and the core-core interference can be ignored because there is no second dominant peak in frequency spectrums.
Thus, when the BBS light injects into the central core of MCF through the fan-in/fan-out device, at the first tapered region, the light in central core will be coupled into the cladding mode due to the strong evanescent field surrounding the reduced core area. Meanwhile, the optical power is also coupled into six outer cores because the decreased core pitch leads to strong inter-core coupling. During the fabrication procedure, we discovered that if there is only one taper in MCF, the measured optical power of outer core is about 7 dB lower than the central core, which indicates the power couplings between cores actually happened but have large losses. After the first tapered region, for each core along the MZI arm, its core-mode and cladding-mode will propagate in MCF parallel without coupling. At the second tapered region, with the same tapering parameters, the core-cladding interference in every core happens as a result of power recombining. The core-core interferences can be neglected due to the large core-to-core coupling loss. The parallel core-cladding interference in each core thus dominates, as shown by the aforementioned experimental results.
Principle of Multi-Parameter Measurement
Normally, the MZI structure has linear responses to strain [5] , [9] and temperature [13] , [18] . The wavelength shift Á can be described as
where C " is the strain coefficient, and C T is the temperature coefficient. It should be noticed that C " and C T are derived from thermal expansion coefficient and elasto-optical coefficient of the silica fiber. Á" and ÁT represent the changes of strain and temperature, respectively. We select two heterogeneous cores in MCF for example to discriminate the cross sensitivities, assuming different strain and temperature coefficients for different spatial channels as
where C 1 " and C
1
T represent strain and temperature coefficients of core 1, C 2 " and C
2
T represent strain and temperature coefficients of core 2, Á 1 and Á 2 represent the wavelength shifts of core 1 and core 2, H is the coefficient matrix connecting temperature and strain responses with TABLE 1 Effective refractive index of core mode and low-order cladding mode of central core and outer core two spatial channels, and detðHÞ represents the determinant of matrix H. When different cores have different responses to strain and temperature, detðHÞ will not be zero in most cases, which means we can get temperature and strain variations by measuring wavelength shift of two cores.
Experimental Results and Discussion
To investigate the longitudinal strain sensitivity, we used two sets of V -grooves and clamps on two translation stages to fix both ends of MZI to ensure the MCF has no relative displacement to V -groove, as Fig. 3 shows. The bending or twist/orientation induced interference was also eliminated. The distance of clamps is set to 18.2 cm and the shift of V -groove in our measurements started from 0.0 m with a step resolution of 50.0 m. For temperature measurement simultaneously, we put the whole MZI structure into a heater with dual-copper plate structure. The copper plates were heated by thermoelectric cooler (TEC) to achieve a temperature resolution of 0.1°C. The temperature setting in our measurements started from 20.0°C to 80.0°C with a step of 10.0°C. The optical spectrum analyzer's resolution is set as 0.02 nm with wavelength sweeping from 1520 nm to 1560 nm throughout the measurement. Then we chose the central core and the outer core 6 of MCF as two spatial channels for coefficients calibration. The BBS light injects into the central core and the output from the central core and the outer core 6 are monitored by the OSA. Fig. 6(a) and (b) shows the transmission spectra of two spatial channels to strain. When the temperature is fixed at 40.0°C, for both central core and outer core, the dip of spectrum shifts to the shorter wavelength as the strain goes up from 0.0 " to 2197.8 ". The spectra of outer core are not smooth enough mainly because higherorder mode interference is involved in the outer core of MCF, but the relative intensities of higher order mode interference are negligible and have no influence on the sensor performance. Fig. 6(c) shows the responses to strain of two cores with linear fitting lines versus wavelength shifts. The wavelength shifts of central core and outer core exhibit strain sensitivities of À1:10 pm=" and À0:84 pm=". The R 2 values of the linear fitting are all above 0.999. Fig. 7(a) and (b) shows the spectral responses of two spatial channels to temperature when the strain is fixed at 0.0 ". For both central core and the outer core 6, the dip of spectrum shifts to the longer wavelength as the temperature goes up from 20.0°C to 80.0°C with a step of 5.0°C. Fig. 7(c) shows the responses to temperature of two cores. All the lines in Fig. 7(c) After calibration, we can acquire the four temperature and strain coefficients in two different spatial channels. Equation (3) thus becomes Á" ÁT ¼ À0:001101 0:047371 À0:000841 0:053200
where Á 1 ¼ À 1527:993 nm, and Á 2 ¼ À 1524:103 nm. It should be noted that the wavelength accuracy of the OSA is ±0.01 nm; thus, the uncertainty of reference wavelength constrains the measurement accuracy to be about AE10:0 " for strain sensing or ±0.2°C for temperature sensing. We select two cases to prove the performance of the multi-parameter sensor with discrimination, as shown in Table 2 . First, the setting temperature is 33.0°C and the applied strain is 1153.8 ". The wavelength dips of central core and outer core measured from OSA are 4 " with relative error 3.0%. It is worth noting that all relative temperature and strain errors are all under 5%, which means that our embedded MZI structure and SDM multiparameter measurement with discrimination is effective and accurate.
Conclusion
In conclusion, we have proposed and established a novel spatial-division multiplexed MZI system embedded in heterogeneous seven-core MCF for temperature and strain sensing with discrimination. The MZI interference phenomenon is dominated by the interference between core-mode and cladding-mode in central core and outer cores. The temperature sensitivity is 47.37 pm/°C of the central core and 53.20 pm/°C of the outer core, and the strain sensitivity 1.10 pm=" of the central core and 0.84 pm=" of the outer core have been achieved. Using temperature-strain joint matrix, the issue of cross-sensitivity can be solved and measured relative errors are all under 5%. By using the SDM technology, the heterogeneous MCF and reliable fan-in/fan-out devices allow us to measure more parameters simultaneously by parallel sensing the channel responses of different cores.
